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Abstract
Objective: This review details the anatomy and interactions of the postural and somatosensory
reflexes. We attempt to identify the important role the nervous system plays in maintaining reflex
control of the spine and posture. We also review, illustrate, and discuss how the human vertebral
column develops, functions, and adapts to Earth's gravity in an upright position. We identify
functional characteristics of the postural reflexes by reporting previous observations of subjects
during periods of microgravity or weightlessness.
Background: Historically, chiropractic has centered around the concept that the nervous system
controls and regulates all other bodily systems; and that disruption to normal nervous system
function can contribute to a wide variety of common ailments. Surprisingly, the chiropractic
literature has paid relatively little attention to the importance of neurological regulation of static
upright human posture. With so much information available on how posture may affect health and
function, we felt it important to review the neuroanatomical structures and pathways responsible
for maintaining the spine and posture. Maintenance of static upright posture is regulated by the
nervous system through the various postural reflexes. Hence, from a chiropractic standpoint, it is
clinically beneficial to understand how the individual postural reflexes work, as it may explain some
of the clinical presentations seen in chiropractic practice.
Method: We performed a manual search for available relevant textbooks, and a computer search
of the MEDLINE, MANTIS, and Index to Chiropractic Literature databases from 1970 to present,
using the following key words and phrases: "posture," "ocular," "vestibular," "cervical facet joint,"
"afferent," "vestibulocollic," "cervicocollic," "postural reflexes," "spaceflight," "microgravity,"
"weightlessness," "gravity," "posture," and "postural." Studies were selected if they specifically tested
any or all of the postural reflexes either in Earth's gravity or in microgravitational environments.
Studies testing the function of each postural component, as well as those discussing postural reflex
interactions, were also included in this review.
Published: 09 August 2005
Chiropractic & Osteopathy 2005, 13:16 doi:10.1186/1746-1340-13-16
Received: 28 April 2005
Accepted: 09 August 2005
This article is available from: http://www.chiroandosteo.com/content/13/1/16
© 2005 Morningstar et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.Chiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
Page 2 of 17
(page number not for citation purposes)
Discussion: It is quite apparent from the indexed literature we searched that posture is largely
maintained by reflexive, involuntary control. While reflexive components for postural control are
found in skin and joint receptors, somatic graviceptors, and baroreceptors throughout the body,
much of the reflexive postural control mechanisms are housed, or occur, within the head and neck
region primarily. We suggest that the postural reflexes may function in a hierarchical fashion. This
hierarchy may well be based on the gravity-dependent or gravity-independent nature of each
postural reflex. Some or all of these postural reflexes may contribute to the development of a
postural body scheme, a conceptual internal representation of the external environment under
normal gravity. This model may be the framework through which the postural reflexes anticipate
and adapt to new gravitational environments.
Conclusion: Visual and vestibular input, as well as joint and soft tissue mechanoreceptors, are
major players in the regulation of static upright posture. Each of these input sources detects and
responds to specific types of postural stimulus and perturbations, and each region has specific
pathways by which it communicates with other postural reflexes, as well as higher central nervous
system structures. This review of the postural reflex structures and mechanisms adds to the
growing body of posture rehabilitation literature relating specifically to chiropractic treatment.
Chiropractic interest in these reflexes may enhance the ability of chiropractic physicians to treat
and correct global spine and posture disorders. With the knowledge and understanding of these
postural reflexes, chiropractors can evaluate spinal configurations not only from a segmental
perspective, but can also determine how spinal dysfunction may be the ultimate consequence of
maintaining an upright posture in the presence of other postural deficits. These perspectives need
to be explored in more detail.
Background
Historically, chiropractic has centered around the concept
that the nervous system controls and coordinates all other
systems within the human body [1,2]. Recent evidence
has provided insight into the mechanisms responsible for
this neurological governance of other body systems [3-9].
Perhaps the most important relationship from a chiro-
practic perspective, however, is that between the nervous
and musculoskeletal systems. Specifically, many chiro-
practors believe that "subluxations" of the vertebral col-
umn somehow compromise the integrity and function of
the nervous system, which may ultimately affect health
and vitality [10]. However, to date, research attempting to
identify the exact parameters of the chiropractic subluxa-
tion remains tenuous [11,12].
More recently, certain authors [13,14] have discussed an
alternative concept of neurological dysfunction. Two vir-
tually synonymous concepts, dysafferentation [13] and
the wind-up phenomenon [14], are based on the premise
that neurological dysfunction is caused by a constant bar-
rage of afferent input into the nervous system, causing a
hypersensitive state within the neuronal receptor pool.
These receptor pools, made largely of interneurons, allow
sensory input to be conveyed to higher spinal and cortical
centers, while simultaneously providing the means for
spinal reflexive control of various functions [13,15]. Neu-
rologic dysfunction caused by afferent stimulation may be
related to certain types of headache [14], joint dysfunc-
tion, and muscular restriction [13].
The chiropractic interest in static global spinal structure
and its correction is growing [16-27]. Most of this research
has only surfaced within the last 10 years. Much of this
research is focused upon the inherent biomechanics of the
vertebral column. Research in the areas of spinal mode-
ling [16,17,24,26,27] and posture analysis [21] have
attempted to provide a clinically valid outcome measure
for the treatment of posture-related symptoms and
pathologies. For example, Wiegand et al [27] demon-
strated a correlation between certain cervical spinal con-
figurations and the presence of pathology. Harrison et al
[17,24,26] reported average ranges of the sagittal spine
curves for 3 sets of asymptomatic populations. This type
of biomechanical modeling is important for developing
parameters by which outcome assessments can be created
and implemented. Unfortunately, spinal modeling can-
not account for the host of mechanisms and precipitating
factors that promote the divergence of the spine away
from these established biomechanical models. However,
these concepts and models do not account for, or
acknowledge, the importance of the neurological, reflex-
ive control of posture. Rather than simply identifying that
a given patient does not fit into a normal spinal model,
further investigation into why that particular patient does
not fit is perhaps more important in terms of developing
patient management strategies. This is important not only
for understanding why abnormal spinal configurations
occur, but to also discuss the potential to recruit these
same neurological pathways to aid in the correction of
spinal or postural abnormalities.Chiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
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Postural reflexes can be subcategorized as the following:
visual righting reflexes, labyrinthine righting reflexes,
neck righting reflexes, body on head righting reflexes, and
body on body righting reflexes [28]. Although some of the
reflexes and neuroanatomy have been defined and illus-
trated separately, these collective reflexes and their inter-
actions have not been examined from a chiropractic
perspective. Since conservative postural treatment is
becoming increasingly investigated, knowledge of the
postural reflexes will only aid the practitioner in provid-
ing treatment consistent with foundational postural neu-
rophysiology. In our review, we will illustrate the
mechanisms by which the nervous system controls and
coordinates posture, with special emphasis placed on how
the nervous system adapts to specific external environ-
mental factors. This review will detail the neurological
control of posture, specifically the afferent regulation of
posture. We will illustrate the neuroanatomy involved in
afferent postural control, giving most attention to those
reflexes associated with the cervical spine and special
senses. We also discuss the interactions between the vari-
ous afferent structures and their postural effects.
The primary purpose of the postural reflexes is to main-
tain a constant posture in relation to a dynamic external
environment. This review will discuss the main external
environmental parameter by which these reflexes main-
tain and adapt postural control: gravity. Because earth's
gravitational field is a constant, the postural reflexes
develop and react to this constant. From the moment an
infant learns to first hold its head up through the time the
child begins to walk upright, these postural reflexes are
essentially supervising spinal structural and functional
development in direct response to the constant force of
gravity. To allow for a balance of strength and flexibility,
the spine develops natural sagittal curves that provide
functional lever arms for muscular attachment and effi-
cient movement. Again, all of this is achieved using the
constant of gravity as the main reference point, and the
postural reflexes serve as the neuromotor impetus for this
adaptive response.
This review will also detail the mechanisms that cause the
reactive musculoskeletal changes in response to sudden
changes in the external environment. Primarily, we will
illustrate and compare the effects of gravitational changes
upon the cervical spine postural reflexes and resultant
postural adaptations. Specifically, details of postural
adaptation, musculoskeletal morphological changes, and
clinical symptoms in microgravitational environments
will be outlined and discussed.
Methods
Starting from the year 1970, we searched the MEDLINE
database using the following key words and phrases: "pos-
ture," "ocular," "vestibular," "cervical facet joint," "afferent,"
"vestibulocollic," "cervicocollic," and "postural reflexes,"
"spaceflight," "microgravity," "weightlessness," "gravity," and
"postural." Searches of the MANTIS database and the Index
to Chiropractic Literature using the same key word were also
performed. Nearly all of the articles relating to our review
were also found on MEDLINE. A hand search of our per-
sonal libraries was also conducted, retrieving textbooks
pertaining to this topic. For purposes of this review, we
included original research articles, review papers, case
series, or textbook chapters outlining the anatomy, physi-
ology, evaluation, or pathophysiology and interaction of
vision, the vestibular system, the vertebral column, or a
combination of these. This review was organized so that a
brief review of each structure could be discussed both
individually and collectively. Although these databases
house a vast multitude of articles on posture, only those
specifically pertaining to neurological or neuromuscular
control were included.
Visual Input
The visual pathway consists of the following parts: the
optic nerve, optic chiasm, and the optic tracts which
project to three subcortical areas known as the pretectum,
the superior colliculus, and the lateral geniculate body.
Information relayed by this pathway ascends from the
optic nerve ultimately to the lateral geniculate body, with
axons projecting to the primary visual cortex [29]. The pri-
mary visual cortex is located on the medial surface of the
occipital lobe in the walls of the calcarine sulcus. [29]
The visual field and pathway are important regulators of
postural control. Visual input for postural control helps to
fixate the position of the head and upper trunk in space,
primarily so that the center of mass of the trunk maintains
balance over the well-defined limits of foot support [24].
Many studies have shown the destabilizing effects on pos-
tural regulation when the visual field is altered due to
injury, disease, or congenital abnormality [31-38]. Guer-
raz et al [34] studied 21 patients diagnosed with visual
vertigo. They found that subjecting these patients to diso-
rienting visual environments markedly reduced postural
control. Catanzariti et al [31] identified a correlation
between the severity of postural deformity in scoliosis
patients who present with visual disorders.
It is well known that vision has a major role in the regula-
tion of upright posture, particularly by maintaining head
position in space. Alterations in head posture may
develop secondarily to visual changes. For example,
Havertape and Cruz [35] showed how the addition of eye-
glasses changed the head position in 5 patients with a
chin-down posture as a result of high hyperopia. Likewise,
Willford et al [39] showed that people who wear prescrip-
tion multifocal lenses tend to exaggerate a forward headChiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
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posture to utilize the proper area of the lense, depending
upon the functional needs of the moment. This has
important implications for posture rehabilitation and will
be discussed in detail in this review. In a study of 125
patients with congenital nystagmus, Stevens and Hertle
[38] found that those patients who assumed a compensa-
tory abnormal head posture achieved better visual acuity
than those who failed to adapt to the presence of the nys-
tagmus. In 5 patients with unilateral vision loss due to
cyclotropia or monocular nystagmus, Nucci and Rosen-
baum [36] found that a compensatory head tilt or rota-
tion could be reduced by surgical correction of the ocular
disorder. Pyykko et al [37] conducted a study on 10
patients with Usher's syndrome and 10 patients with
blindness. All 20 patients displayed a statistically signifi-
cantly higher postural sway than the control group. It is
noteworthy to point out that visual information relayed
to higher centers is based upon relative information.
Although postural control is highly dependent upon vis-
ual status, higher cortical functions are necessary to differ-
entiate between a fixed person within a moving
environment, or a moving person within a fixed environ-
ment. Buchanan et al [30] demonstrated how the central
nervous system might actively suppress visual informa-
tion that is inconsistent with afferent postural control
input from other sources, such as the somatosensory
system.
While vision is an important part of postural control, the
information it relays to higher cortical areas remains
based on relative perception. Postural corrections initi-
ated by the visual system are made in the direction of vis-
ual stimulus [40]. Afferent stimulus provided by the visual
field can include either movement of the environment
around the person, or movement of the person in the
environment [33]. As Guerraz et al [33] and DiZio et al
[41] have pointed out, small changes in the visual envi-
ronment can alter visually based posture control, such as
darkness or changes below the conscious threshold. How-
ever, visual control of posture in real time does not receive
much contribution from higher-level processes [42]. As
infants learn to assume a sitting position, much of this
postural development relies upon input from the visual
environment. As the child repeats a sitting task, a visuo-
motor coordination develops, and becomes extremely
sensitive to visual variables. As the child learns to stand
and walk, however, the visual input must now coordinate
with other postural control mechanisms, such as joint
mechanoreceptors of the hips, knees, and ankles [42].
Aside from the visual field itself providing an important
source of postural control, proprioceptive information
may also be relayed from the extraocular muscles them-
selves. Buttner-Ennever and Horn [43] describe a 'dual
control' system where two distinct pathways are responsi-
ble for afferent input into the oculomotor nuclei. One
pathway serves to generate eye rotations, while the second
pathway provides sensory information regarding eye
alignment and stabilization [44]. This is an important part
of the visual postural control pathway, as this pathway
may compensate for visual deprivation such as in dark-
ness. This ocular proprioceptive pathway passes through
the optic tract nucleus to the rostral portion of the supe-
rior colliculus [45,46].
The superior colliculus is known for its essential role in
head and eye orientation and coordination [47,48]. It
serves as an important integration center for the extraocu-
lar proprioceptive pathway as well as the spinal trigeminal
nucleus. The superior colliculus also has an extensive
reciprocal feedback pathway with the reticular formation,
which may also play a role in extraocular proprioception
[49]
To further summarize the importance of vision in postural
control, Buchanan et al [30] concluded that fixing the
head and trunk in space achieves three major functional
tasks: 1) it stabilizes the visual field for gaze stabilization,
2) it stabilizes the center of mass of the head and trunk
within feet support, and 3) it minimizes the external stress
acting upon the head and trunk. Because Buchanan et al
[30] showed how visual deprivation destabilizes head and
trunk position, this provides evidence that control of the
head and trunk is assumed in a top-down mode. This
organization may have clinical value when designing
treatments to correct abnormal posture.
Vestibular Input
The vestibular system is an integral component in many of
the postural reflexes, especially those that are responsible
for upright human posture. The primary function of the
vestibular apparatus is to provide sensory input about sus-
tained postural stimulation [50]. The vestibular apparatus
is composed of the utricle, saccule, and semicircular
canals. Each of these organs is designed to detect specific
types of motion. The utricle and saccule detect linear
accelerations of the head in space. Since gravity exerts a
constant vertical acceleration on the head and body, the
utricle and saccule provide postural input on head posi-
tion relative to gravity [50]. The semicircular canals relay
afferent input about angular acceleration, such as head
rotation. Buttner-Ennever [51] detailed the many connec-
tions from the utricle and saccule to the brainstem and
cerebellum. The utricle detects changes in head position
relative to gravity, such as a simple tilting of the head. The
saccule, on the other hand, contributes a partial role in
maintaining head position relative to the visual field.
Afferent information is collected and transmitted to
higher levels by the vestibular nerve. The vestibular nerveChiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
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carries afferent input from both the utricle and saccule,
where it is transmitted to the lateral vestibular nucleus.
Vestibular nuclei receive sensory input from the vestibular
nerve as well as information from the cerebellum and the
optic tract. Axons from the vestibular nuclei project to the
thalamus, superior colliculus, reticular formation, cere-
bellar flocculus, and lower vestibulospinal nuclei. Of the
vestibular nuclei, the lateral vestibular nucleus, or Deiter's
nucleus, is perhaps one of the most important nuclei
related to postural reflexes, through its projections to the
vestibulospinal tract. The vestibulospinal tract and reflex
will be discussed later in this review.
Previous experiments have illustrated the effects of vestib-
ular loss on overall postural control [52-54]. Horak et al
[53] compared 6 subjects with bilateral vestibular loss to
6 age and sex-matched controls. After subjecting each
group to various postural tasks, they found that the exper-
imental group showed increased head and trunk displace-
ments compared to matched controls. In a similar study
by Creath et al [52], they found that subjects with bilateral
vestibular loss demonstrated a higher center-of-mass vari-
ability. However, this variability was reduced with the
addition of light-touch fingertip contact. This suggests
that despite vestibular deficits, postural control can be
maintained by other afferent postural input. Schweigart et
al [55] described how subjects with vestibular degradation
could compensate with neck proprioception in instances
of static postural stance, although postural control is sig-
nificantly altered when the subject is moving.
Visual and Vestibular Interactions
While the visual and vestibular systems are individually
two of the most important postural reflexes, it's their con-
stant interaction that makes the control of upright posture
possible, especially when considering their combined role
in the reflex modulation of muscular tone through vari-
ous groups of postural muscles. The visual and vestibular
systems interact primarily through a series of reflexes and
tracts, namely the vestibulo-ocular reflex [56-62], the ves-
tibulospinal tract [50,63], and the dorsal and ventral
spinocerebellar tracts [64-69].
The vestibulo-ocular reflex serves to orient the visual field
by creating certain eye movements that compensate for
head rotations [59,62] or accelerations [61]. The vestib-
ulo-ocular reflex may be subdivided into three major
components: 1) the rotational vestibulo-ocular reflex,
which detects head rotation through the semicircular
canals, 2) the translational vestibulo-ocular reflex, which
detects linear acceleration of the head via the utricle and
saccule, and 3) the ocular counter-rolling response, or
optokinetic reflex, which adapts eye position during head
tilting and rotation [50]. Through detection of head orien-
tation in space, the vestibular apparatus transmits this
information to the vestibular nuclei, where connections
with the visual field aid in the correction and coordina-
tion of head and body posture via the vestibulo-ocular
reflex [56]. The cerebellar flocculus may ultimately be
responsible for integrating and executing the efferent cor-
rections of the vestibulo-ocular reflex. Previous research
has shown that resection of the cerebellar flocculus per-
manently prevents vestibulo-ocular reflex response, pro-
viding evidence for its direct involvement [58].
The medial and lateral vestibulospinal tracts may be
viewed as the efferent equivalents of the vestibulo-ocular
reflex, modulating motor neuron activity regarding the
axial and appendicular muscles respectively so that rapid
postural adaptations can take place. The cerebellum,
where afferent information is collected from the visual
field, the vestibular nerve, and the cervical mechanorecep-
tors, and is interpreted for generation of reactive postural
corrections, modulates these tracts. Originating in the lat-
eral and medial vestibular nuclei [66], these tracts allow
the trunk and extremities to compensate for changes in
head position. Reflexive responses from the vestibulospi-
nal tracts help correct sudden perturbations in static
upright posture. While the visual input may be more
important in constant postural adaptation, the vestibular
apparatus, via the vestibulospinal tracts, is much quicker
to respond to early or slight postural disruptions, allowing
for a faster response from the skeletal postural muscles
[50].
Normal visual-vestibular interaction also incorporates
afferent input from the dorsal and ventral spinocerebellar
tracts. These tracts transmit sensory signals to the cerebel-
lum regarding position sense of the lower extremity [65],
primarily through joint, skin, muscle spindle, and golgi
tendon organ afferents [64]. These tracts not only provide
information relating the position of each lower extremity,
but also in coordinating both lower extremities for com-
bined postural tasks such as locomotion [70,71]. The
spinocerebellar tracts arise from spinal interneurons
within the gray matter between the first thoracic and the
second lumbar segments, known as Clarke's nucleus [66].
These interneurons, in turn, communicate with both the
afferent and efferent pathways of lower extremity neural
control, via spinal reflexes. The clinical importance of this
will be discussed in greater detail.
Cervical Mechanoreceptors
The cervical spine is a virtual warehouse of postural affer-
ent input and integration. Several anatomic structures in
this region, including the facet joint and capsule [72-78],
spinal ligaments [71], and proprioceptive input from the
cervical musculature [70,79,80] are collectively responsi-
ble for maintaining an orthogonal head on neck position.
In order to understand how these various structuresChiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
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participate in postural regulation, observation of postural
control changes in the presence of functional deficits pro-
vides evidence of their individual contributions.
The cervical facet joint houses a variety of mechanorecep-
tors responsible for providing afferent postural input to
higher neurological pathways, including connections
with the trochlear, abducens, spinal trigeminal, central
and lateral cervical, and vestibular nuclei [81-87], as well
as the cerebellar flocculus and vermis [83,84,88]. Several
types of cervical facet mechanoreceptors have been identi-
fied [85,86]. Cervical facet joint mechanoreceptors may
be dominant over the vestibular apparatus in regards to
the maintenance of static posture [89,90]. For example,
when the cervical facet joints are experimentally immobi-
lized in the presence of vestibular dysfunction, postural
instability becomes apparent [91]. However, postural sta-
bility is restored when the facet joints are mobilized. The
facet joint has been the focus of several recent studies
regarding whiplash type injuries. Specifically, the facet
joints and capsules have been identified as a probable
cause in chronic whiplash symptoms in the absence of
obvious radiographic injury. A significant number of free
nerve endings and lamellated corpuscles were found
within the facet joint capsules [75]. These structures are
important in the rapid adaptation of changes in cervical
spine position. In a study of 105 patients with chronic
whiplash symptoms, Treleaven et al [76] found that whip-
lash patients could not consistently reproduce a natural
resting head position when compared to matched con-
trols. Incidentally, Rubin et al [92] report that people with
whiplash symptoms have a higher likelihood of suffering
from balance failures. Since cervical facet joints contribute
to postural orientation, injury to these joints may produce
postural symptoms like vertigo and dizziness [76].
In addition to the facet joints, the paraspinal ligaments,
such as the posterior longitudinal ligament, also contrib-
ute an extensive amount of sensory input for postural con-
trol [71,93-98]. The sensory innervation of spinal
ligaments is provided by Pacinian and Ruffini corpuscles,
and free nerve endings [94,96-98]. Jiang et al [97] repeat-
edly stretched an intertransverse ligament of a young
chicken. Tracing neuronal production of Fos protein
through various sensory pathways, they identified afferent
connections with the gracilis and cuneatus nuclei, the ves-
tibular nuclei, and the thalamus. Yamada et al [96] iden-
tified a sympathetic innervation of the upper cervical
posterior longitudinal ligament, from fibers projecting
from the stellate ganglion. Interestingly, Sjolander et al
[71] discuss how spinal ligamentous afferent information
is at least partially responsible for mediating the reflex
activity of its associated muscle spindles. They concluded
that although muscle spindles may be dominant over lig-
ament afferent input, maximal accuracy regarding joint
position sense requires both sets of joint proprioception.
The cervical spine also contains an intricate muscular
afferent network, given the numerous anterior and poste-
rior cervical muscles. The upper cervical spine contains a
higher density of muscle spindles than in any other spinal
region [70]. Many authors have tested the function of cer-
vical afferents by applying vibration to both normal sub-
jects and those with specific neurological deficiencies [99-
112]. For example, Ledin et al [106] found that vibratory
stimulation of the calf muscle creates body sway in the
sagittal plane, and this sway is significantly altered by flex-
ion or extension, but not rotation, of the head. They sug-
gest that either altered neck muscle position or utricle and
saccule proprioceptive interaction may account for this
functional deficit during vibratory stimulation. Sagittal
postural sway was also observed when vibration was
applied to the lower posterior cervical musculature [102].
Like the vestibular apparatus, Ivanenko et al [102] suggest
that postural afferents from the cervical muscles are also
processed within the parameters of the visual field. In
another lower leg vibration study by Vuillerme et al [112],
they found that vibration applied to the lower leg in
upright humans also increased postural sway, as did mus-
cular fatigue in the lower leg. However, when vibration
was applied to a fatigued muscle, the postural sway did
not increase as the authors had hypothesized. The authors
suggest that the central nervous system effectively disre-
gards the afferent information provided by a fatigued
muscle, thus relying on other postural control mecha-
nisms, such as the visual and vestibular systems, to pro-
vide this lost control [112]. When vibration is applied to
upper cervical musculature, a greater degree of postural
compensation occurs compared to that occurring from
lower cervical vibration, suggesting that the upper cervical
spine has an even greater role in posture regulation
through visual orientation, than even the lower cervical
spine. This observation is supported by previous works
from Bogduk [113-117] showing how injury or pathology
of the upper cervical spine produces a significant amount
of noxious afferent input into the central nervous system,
which may interfere with postural control. This is appar-
ent in individuals with previous neck trauma and concur-
rent chronic neck pain [118-120].
Vibrational studies have also been conducted on individ-
uals with certain postural deficiencies. In a study compar-
ing normal subjects to those with labyrinthine deficiency,
Popov et al [109] observed that vestibular-deficient sub-
jects could not achieve the same ocular tracking of a fix-
ated target image as matched controls. The authors
conclude that this may result from changes in the cervico-
ocular reflex, which will be discussed later in this review.
Interestingly, a study by Karnath et al [103] demonstratedChiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
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that the head tilt associated with spasmodic torticollis can
be significantly reduced at least temporarily, when sub-
jected to cervical vibration for 15 minutes. This finding
led the authors to conclude that the muscular spasm asso-
ciated with spasmodic torticollis may be the result of aber-
rant afferent input relaying head position to the central
nervous system. Bove et al [100] demonstrated how asym-
metrical vibration of the sternocleidomastoid affects loco-
motion. They found that subjects would rotate away from
the side of vibration when applied during stepping. How-
ever, when the vibration was applied before stepping,
compensatory rotation occurred opposite the initial rota-
tion. The authors suggest that cervical input plays a major
role during locomotion, and a lesser-coordinated role
during static posture. Two other studies by Strupp et al
[111] and Betts et al [99] also demonstrated the ability of
the cervical afferent input to compensate for a decline in
vestibular function.
Visual and Cervical Interactions
While the visual field and the vestibular apparatus have
intimate connections for postural control, they also have
well-known connections with the cervical spine. Arising
from sensory receptors in the cervical spine are three well-
known reflexes that aid in postural control: 1) the cervico-
ocular reflex [121-124], 2) the cervicocollic reflex [124-
128], and 3) the vestibulocollic reflex [128-142], which
will be discussed later in this review.
The cervico-ocular reflex serves to orient eye movement to
changes in neck and trunk position [143-148] Similarly to
other postural reflexes, a basic understanding of the cer-
vico-ocular reflex is achieved by studying patients with
specific postural reflex deficiencies. For example, Cham-
bers et al [143] tested 6 patients with bilateral vestibular
loss, and 10 controls. They found that light pattern stimu-
lation caused at least a marginal amount of increased cer-
vico-ocular reflex response, which was compensatory in
half of the subjects. The authors concluded that the cer-
vico-ocular reflex may at least partially compensate for
absent vestibular function and vestibulo-ocular reflex. In
another study by Bronstein and Hood [144], the postural
control role of the cervico-ocular reflex was also tested in
12 patients with absent vestibular function. They found
that the cervico-ocular reflex in patients with absent ves-
tibular function seems to take on the lost function of the
vestibulo-ocular reflex during specific postural tasks, such
as ocular tracking in the direction of a visual target. Heim-
brand et al [145] also studied 5 patients with vestibular
absence to identify the compensatory nature of the cer-
vico-ocular reflex. Their findings demonstrate a high
degree of plasticity in the cervico-ocular reflex. The
authors found that the cervico-ocular reflex could be
modified with the addition of optical lenses, where mag-
nifying lenses increase cervico-ocular response. The use of
reduced lenses decreased the response. They also found
that afferent input from the trunk, cognitive interpreta-
tion, and both peripheral and foveal retinal information
all contributed to the observed cervico-ocular reflex plas-
ticity. This information seems to be important for cervico-
ocular stabilization of the visual field in space and in rela-
tion to a stationary neck and movable trunk. In an earlier
study by Bronstein et al [146], they found that when the
absence of vestibular function was present concurrently
with reduced optokinetic reflex or ocular rolling response,
the plastic adaptation of the cervico-ocular reflex did not
seem to compensate for the vestibular absence. This sug-
gests a necessity of an intact optokinetic reflex for optimal
cervico-ocular response.
While cervico-ocular responses have been repeatedly
observed in vestibular deficient subjects, its importance in
healthy human subjects is debatable [121,147]. Schubert
et al [147], in a study of 3 patients with unilateral vestib-
ular dysfunction, could not establish any evidence of a
cervico-ocular response in any of the 7 controls or in 2 of
the 3 patients. In the single patient with evidence of cer-
vico-ocular response, a change in the reflex could only be
obtained following 10 weeks of vestibular exercises. More
specifically, however, the cervico-ocular reflex can be sub-
divided into a slow phase of the response and a quick
phase [121]. Jurgerns and Mergner [121] found that while
the slow phase of the cervico-ocular reflex has no func-
tional significance in humans, the quick phase does con-
tribute to ocular stabilization and orientation to changes
in neck and trunk position, during certain postural tasks.
The quick phase of the cervico-ocular reflex also appears
to be significantly adaptable in a relatively short period of
time. Rijkaart et al [148] tested 13 healthy adults by sub-
jecting them to trunk rotation in a dark room, thus pro-
viding conflicting somatosensory and visual input to test
the function of the cervico-ocular reflex. They found a sig-
nificant amount of cervico-ocular adaptation could be
achieved in as little as 10 minutes of constant visual and
somatosensory input. This may have important clinical
benefits, and will be discussed further in the second part
of this review.
Perhaps more widely known for its role in postural con-
trol, the cervicocollic reflex serves to orient the position of
the head and neck in relation to disturbed trunk posture
[149]. This reflex, acting similarly to a stretch reflex [149],
involves reflexive correction of cervical spine position
through co-contraction of specific cervical muscles,
including the biventer cervicis, splenius capitis and cervi-
cis, rectus capitis posterior major, and the obliquus capitis
inferior [127]. The cervicocollic reflex is activated in
response to stimulation of muscle spindles located in
these muscles. This reflex seems to modulate upright cer-
vical posture in close communication with theChiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
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vestibulocollic reflex [124,125], which will be discussed
later. There also seems to be a significant amount of over-
lap in the pathways and functions of the cervicocollic and
vestibulocollic reflexes, perhaps to readily compensate for
injury or reduction in either of these two reflexes [126].
The vestibulocollic reflex seems more sensitive to changes
in head position in the horizontal plane, while the cervi-
cocollic reflex seems more sensitive to vertical plane posi-
tional changes [125]. Given the high density of muscle
spindles in the cervical musculature, the cervicocollic
reflex possesses a high degree of sensitivity to relatively
small cervical stimuli. This suggests that this reflex may
heavily rely upon muscle spindle afferents to provide pos-
tural information, so that immediate cervical postural cor-
rections can be made [127]. Evidence of these immediate
changes was illustrated by Keshner et al [125], where
patients performed simultaneous postural and cognitive
tasks with and without weight placed on top their heads.
They found that adding weight to the head did not signif-
icantly change head or neck position, suggesting an
immediate and compensatory response to the added
weight.
Vestibular and Cervical Interaction
Perhaps one of the most well studied postural reflexes; the
vestibulocollic reflex maintains postural stability by
actively stabilizing the head relative to space. It does this
by reflexively contracting cervical muscles opposite of the
direction of cervical spine perturbation [115,139]. In
order to evaluate the mechanisms and efferent pathways
of this reflex, several studies targeting this reflex using
EMG recordings of various cervical muscles have been
conducted [126,133,134,136,138]. The vestibulocollic
reflex, from input originating in the semicircular canals,
utricle, and saccule, stabilizes the head in space in
response to even the slightest of head perturbations occur-
ring in the horizontal plane [128,134,139,141,142]. From
this perspective, the vestibulocollic reflex also acts much
like a stretch reflex. Muscles that have been studied in con-
nection with this reflex include the sternocleidomastoid
[130,131,133,136], biventer cervicis, splenius cervicis and
capitis, and the longus capitis [111].
There is an important distinction to make when discuss-
ing the vestibulocollic reflex. It should be noted that this
reflex is distinct and largely dissociated from the vestibu-
lospinal reflex, which orients the extremities to the posi-
tion of the head and neck. Welgampola and Colebatch
[138] found that the vestibulocollic reflex is not signifi-
cantly affected by stimulation of lower extremity afferents,
such as when a subject is placed in an upright posture on
a narrow base and deprived of vision and external sup-
port. Likewise, Allum et al [128] showed that activation of
the vestibulocollic reflex is mainly dependent upon stim-
ulation of cervical afferents directly.
Another important aspect of the vestibulocollic reflex is
the neural contribution it receives from the reticular for-
mation [140,141]. This reticulospinal contribution is
important because it may allow a "globalization" of this
reflex, meaning that connection to the reticular formation
allows postural information carried by the reflex pathway
to be interpreted by several other central nervous system
pathways, perhaps allowing the CNS as a whole to adapt
to postural changes. These reticular connections also facil-
itate quicker vestibulocollic responses, and help increase
the sensitivity of the vestibulocollic reflex to other pos-
tural afferents in related but divergent pathways [140].
Neurological Development of Postural Control
Any discussion pertaining to the mechanisms through
which postural adaptations are made must include infor-
mation on the development of these postural adaptive
mechanisms. As already suggested, the visual field may be
the most heavily favored of the postural reflexes. As many
authors have pointed out, an infant's orientation to the
extrauterine environment is dictated almost exclusively by
the visual field [150-153]. As Precht [152] discussed, a
human newborn is poorly adapted to the gravitational
environment, given poor muscle power and weak or
absent reflex control of the head and trunk. Infants at 2
months of age begin to consistently rely upon visual cues
to orient the head and body. At 4 to 6 months, as infants
begin to crawl, other postural reflexes begin to play
important roles, such as joint mechanoreceptors and the
vestibular system [154]. Pope [153] showed that as
infants begin to crawl, reliance on visual feedback is
reduced. Perhaps not coincidentally, however, certain
stages of upright postural progression may be character-
ized by periods of reliance on the visual system as the pri-
mary mechanism of postural regulation. For example,
Butterworth and Hicks [151] pointed out that visual feed-
back is again favored as the infant masters motor control
of the trunk and starts to sit upright independently. Lee
and Aronson [155] observed a similar pattern of visual
predominance as the infant begins to stand.
From this material, it is logical to conclude that as a child
is born, concerning progression from crawling, to sitting
upright, to standing, reflexive head control seems to be
the primary factor necessary for upright postural control.
This sequence of postural development is predicated
upon mastering reflex control of head position relative to
gravity so that trunk and lower extremity control can be
learned using a fixed reference point. This conclusion is
further supported by evidence that after reflex control of
the head is learned, standing requires a coordinated
response of the lower extremity musculature to balance
the position of the head over the base of support. As
Woollacott et al observed [154], neuromuscular responses
of the lower extremity are coordinated much earlier thanChiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
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trunk and upper extremity muscles. The neuromotor
responses of the pelvic girdle and lower extremity are col-
lectively termed the pelvo-ocular reflex [156], which
serves to orient the body region in response to head posi-
tion and anticipatory visual reference cues. The signifi-
cance of this reflex may be attributed to the early
development of hip and leg coordination. Neuromuscular
coordination of the trunk may not be fully developed
until the child reaches 7–10 years of age [154].
Although visual input for postural control seems to pre-
dominate in early life, they may be some explanation as to
why this occurs. Because the visual system functions inde-
pendent of gravity [157], this system is not affected by
gravitoinertial changes. Therefore, it can provide the most
consistent reference point from which to orient the head
and neck. Additionally, previous studies have demon-
strated that infants cannot process and integrate postural
input from multiple sources, such as from joint mech-
anoreceptors and the vestibular system. In a study of 4–6
month old infants, Woollacott et al [154] found that
infants using both visual and vestibular cues were able to
correctly orient to a moving platform 60% of the time.
However, when the infants were blindfolded using gog-
gles, their postural responses were correctly oriented
100% of the time, suggesting an inability of the infant to
process two different sources of postural stimulus simul-
taneously. By 8–14 months, however, infants appeared to
consistently adapt to postural stimuli from both sources
of sensory input.
Biomechanical Development of Postural Control
Aside from the neurological development of postural con-
trol, it is important to discuss the biomechanical develop-
ment of postural control, especially as it relates to the
spine. Since the spine is the literal backbone of upright
postural support, structural and functional development
of the spine also appear to be consequences of upright
adaptation to a gravitational environment. The sagittal
curves of the spine allow for a balance between strength
and flexibility, while also resisting the axial compressive
force of gravity [158]. These sagittal curves are not fully
developed at birth. Rather, they are formed as a conse-
quence of adaptation to the external environment (grav-
ity). In utero, the fetal spine is shaped more as a C-shaped
curve. This shape is more suited to adapt to a microgravi-
tational environment. However, as the fetus grows and
occupies more of the uterus, much of the watery environ-
ment is lost. Therefore, the fetal spine begins to adapt and
take on a structure more suited for gravitational adapta-
tion. Bagnall et al [159] suggested that the cervical curve is
fully developed in utero. However, their study used post-
mortem fetuses artificially positioned and radiographed,
although the authors note that much attention was given
to replicating the fetal position in the uterus. Although
they note no visual abnormalities, no information is given
as to the cause of fetal demise or maternal history. There-
fore, it is possible that these fetuses are not representative
of the average healthy fetal population. Panattoni and
Todros [160] demonstrated through ultrasonography that
both the cervical and lumbar curves are visually devel-
oped by the 24th–26th week of gestation. This may be due
to the morphological development of the cervical facet
joints and discs.
The extrauterine environment changes the compressive
force and force vectors upon the spine. As previously men-
tioned, the newborn muscle strength is not sufficient to
maintain upright head posture. From a mechanical stand-
point, creating more of a mechanical advantage can com-
pensate for this lack of muscle strength. The C-shaped
spine provides two intrinsic lever arms from which the
paraspinal muscles attach and initiate movement. How-
ever, since the spinal muscles are too weak to maintain
upright head position, shorter lever arms must be devel-
oped to overcome this muscular deficit. The forward cer-
vical curve creates two more functional lever arms, giving
the cervical spine muscles the mechanical advantage nec-
essary for upright head stabilization and movement. Fig-
ure 1 depicts these developmental stages. As the child
begins to crawl, the lumbar curve is developed as a result
of the downward pull of gravity. Once the lumbar curve is
developed, two more lever arms are created, providing the
lumbopelvic musculature with the leverage necessary to
allow an upright standing posture. From an engineering
perspective, the resistance of a curved column is directly
proportional to the square of the number of curves plus
one [158]. Therefore, a C-shaped fetal spine contains two
lever arms, for a resistance of 5 (2 × 2 + 1 = 5). When the
child develops a cervical curve, two additional lever arms
are created, thereby increasing the resistance to 17 (4 × 4
+ 1 = 17). Finally, the lumbar curve development further
increases the resistance of the spine to 37. An illustration
of this is shown in Figure 2. The creation of these lever
arms allows the spinal muscles to maintain upright pos-
ture more efficiently. Initially, upright postural control is
a voluntary muscular task. However, as the spinal muscles
are repeatedly required to perform these tasks, the tasks
become automated. As a nerve impulse passes through a
set of neurons at the exclusion of others, it will take the
same course on future occasions and each time it traverses
this path the resistance will be smaller [161,162]. As these
postural neuromotor pathways are facilitated, they
become the basis for the neurophysiologic reflexes gov-
erning involuntary postural regulation. Harbst [163] pre-
viously reported that repeated voluntary performance of a
postural task becomes faster and easier to perform as neu-
romotor pathways are reinforced. As the infant begins to
hold his/her head upright, the postural muscles required
to perform that task are activated. As this task is repeated,Chiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
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holding the head upright becomes an involuntary, auto-
mated process under the direction and control of the pos-
tural reflexes via the facilitated neuromotor pathways. The
same neurological learning processes are invoked as the
child begins attempting to stand upright. At this point,
postural muscles are required to perform many functions
simultaneously. Joints of the thoracic and lumbopelvic
spine, as well as the hips, knees and ankles, must all be
actively stabilized by the surrounding regional muscula-
ture. Meanwhile, the global spine and posture must bal-
ance the position and weight of the head, neck and trunk
above their base of support, the feet. This active muscular
stabilization also increases the stress on musculotendi-
nous junctions and osseous attachments, increasing the
rate at which the skeletal frame ossifies. As the process of
standing is repeated, neuromotor control of the lower
extremity and spinal muscles is coordinated with the pos-
tural reflexes of the head and neck through cerebellar inte-
gration, thereby developing a cohesive network of
involuntary postural control.
Reflex Hierarchy
Human upright posture is developed and maintained in
response to earth's gravity. Perhaps the best way to study
the effects of gravity upon the human spine and nervous
system is to study humans as they actively adapt to envi-
ronments where the gravitational field is altered or absent.
Clues to reflex hierarchy and reference may be determined
as a consequence of forced adaptation to a new external
environment.
Since space travel has become a reality, several studies
have demonstrated the effects of microgravity on human
posture. Perhaps most importantly, it would appear that a
postural reflex hierarchy may exist irrespective of the
external environment. For example, a study by Baroni et al
[164] evaluated two astronauts during space flight using
kinematic analysis. The astronauts were instructed to per-
form specific axial movements from an erect, upright pos-
ture. Their postures and movements were recorded before,
during, and after the movement performance. The authors
found a pronounced forward trunk lean when the eyes
were closed compared to eyes open. They suggest that vis-
ual input for postural control may be independent of
gravity-based postural cues. This conclusion is also sup-
ported by research from other authors. Koga [157] studied
the eye movements of humans during spaceflight. He
found that purposeful eye movements showed similar
accuracy of target fixation and saccade compared to pre-
flight eye movements. Further, Koga [157] reported that
neck muscle activity was not coordinated with ocular
movement during spaceflight, although oculocervical
coordination was observed under Earth's gravity. These
findings demonstrate a visual preference for postural
This figure illustrates the development of the sagittal spinal curves Figure 1
This figure illustrates the development of the sagittal spinal curves. In the womb, the fetal spine is more of a C-shape (left). As 
the child begins to hold his head up, the cervical curve is developed and reinforced (middle). Finally, as the child begins to 
crawl, gravity helps to develop the lumbar curve, a requisite for a bipedal upright stance (right).Chiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
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control in altered external environments, and that cervical
spine afferents are gravity dependent. More specifically,
extraocular muscular afferents are highly coordinated and
function independently of gravitational changes. Regard-
less of the gravitational environment, visual afferents and
cues provide an external reference for maintaining upright
posture, even when somatosensory afferents and internal
references are absent or conflicting [165-167].
In the presence of Earth's gravity, the vestibular system
plays a major role in monitoring changes in head posi-
tion, primarily through the utricle and saccule [168].
However, initial exposure to microgravitational environ-
ments reduces the effects of the vestibular organs on pos-
ture regulation. Clarke et al [168] showed that vestibular
control of posture recovers only after prolonged exposure
to microgravity. They suggest that cervical spine afferents
may play a role in vestibular recovery.
Postural Body Scheme
Another method for observing and documenting the
interactions of postural reflexes is to study the causes and
factors associated with space motion sickness. This sick-
ness is simply a result of conflicting postural input into
the central nervous system. This sickness is common in
the first days of spaceflight, and resolves as adaptation to
microgravity occurs [169]. The occurrence of space
motion sickness provides a framework from which
The resistance (R) of any curved column to compression forces is directly proportional to the square of the number of curves  (N) plus one (R = N2 + 1) Figure 2
The resistance (R) of any curved column to compression forces is directly proportional to the square of the number of curves 
(N) plus one (R = N2 + 1). Therefore, the fetal spine with its single curve has a resistance value of 2 (12 + 1 = 2). This is not 
enough to resist the forces of gravity against the head, neck, and upper trunk as we saw in Figure 1. The development of the 
cervical curve increases the resistance value of the spine by 2.5 times (22 + 1 = 5).
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postural control theories attempt to explain upright pos-
ture regulation in direct response to gravity.
A conceptual model called the postural body scheme
[165,170-173] represents the internal reference point by
which upright posture is regulated. Vertical body orienta-
tion, corrective postural reactions, and anticipatory pos-
tural adjustments are all organized based on this internal
representation [170]. This postural body scheme remains
stable during gravitational changes, even when mech-
anoreceptive and vestibular inputs are significantly
decreased [174]. During periods of microgravity, space
motion sickness is attributed to a conflict between visual
postural inputs and afferents from the vestibular and som-
atosensory systems. The postural body scheme is centered
around gravity acting as the vertical axis of space while in
earth's gravity. However, this vertical axis is not present in
microgravity, effectively eliminating the external reference
point for many of the postural reflexes [175]. To observe
these effects, Takahashi et al [176] performed Coriolis
stimulation on five healthy subjects before and during
space flight. The subjects were instructed to tilt their heads
at varying speeds in both gravitational environments.
Observations were recorded regarding eye movement,
body sway, and motion sickness. They found that nystag-
mus was present under both conditions, although its
duration was shorter in microgravity. However, body
sway and sickness was not observed in microgravity,
although they were apparent in normal gravity. Their find-
ings provide evidence that visual control of posture is
defined by an internal reference frame within the brain,
not subject to changes in external environment. In an
experiment conducted by Amblard et al [177], they
recorded movements associated with head stabilization in
two subjects during space flight. Their results also suggest
a postural reflex hierarchy, with visual input, vestibular
input, and postural body scheme among the most impor-
tant. The main underlying commonality among all of
these cited studies is the predominance of visual input
and afferents in regulating upright postural control
despite changes in the external gravitational environment.
Finally, although the postural body scheme is an internal
reference point for postural control, it may receive much
of its information from visual input. Yakushin et al [178]
performed vestibular stimulation on five subjects while
their heads were immobilized. The subjects were then
placed in a side lying position. Three-dimensional ocular
movements were recorded during vestibular stimulation.
The authors found that adaptations of the vestibulo-ocu-
lar reflex are gravity-dependent, and appear to be stored as
a sort of short-term posture memory. They suggest that the
vestibular nuclei may be responsible for the storage of this
gravity-dependent posture information, since these nuclei
form direct connections between vestibular and visual
afferents.
Not only does the postural body scheme provide an inter-
nal framework for maintaining upright posture, but it also
serves as a stable internal representation of biomechanical
properties to guide and organize anticipatory postural
adjustments and voluntary motor movements [179,180].
Understanding the conceptual model of the postural body
scheme can be clinically beneficial to manipulative medi-
cal clinicians in that biomechanical functional improve-
ment may ultimately rely on the patient's ability to learn
novel neuromotor strategies for upright posture and gait.
Discussion
This review has focused mainly upon the postural reflexes
associated with the cervical spine and its constituent parts,
and the special senses, specifically the eyes and inner ear.
Obviously, there are other postural reflexes we did not
cover in this review, including skin and surface receptors
in the extremities [181,182], somatic graviceptors [183-
185] located within the viscera, and baroreceptors located
within the circulatory system [186,187]. However, they
were not covered in this review for specific reasons. Skin
and surface receptors in the lower extremity have been
well illustrated in the chiropractic literature, especially in
regards to postural control. Various authors have already
shown improvements in postural control, via balance test-
ing, using molded foot orthotics [188,189], for example.
Given the extensive information already published
[181,182] on this aspect of postural control, we did not
address it here. However, this omission does not diminish
its importance for postural control. Additionally, while
somatic graviceptors and vascular baroreceptors also
maintain certain postural regulatory functions, these com-
ponents are not readily modifiable by manual medical
methods. Our review has focused upon those postural
reflexes that can be predicted and recruited by clinicians in
chiropractic, physical therapy, physical medicine, and
osteopathic medicine to ultimately help execute specific
postural rehabilitation programs.
We attempted to review and discuss the anatomy and
interactions of the various postural reflexes. However,
with the amount of overlap found in many neurological
processes, it is likely impossible to identify and outline
each and every postural reflexive behavior. Also, as bio-
medical technology and research uncovers new areas of
neurobiology and neurophysiology, we will no doubt
find our present review of postural reflexes to be inade-
quate. The complexity of the nervous system has probably
not yet been fully appreciated by medical and allied
health practitioners, nor are its connections to all other
physiological processes, including posture, fully docu-
mented and understood.
This review is important in that much of this information
has largely been ignored in chiropractic and manualChiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
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medicine. Although posture correction has gained signifi-
cant popularity more recently, the neurological control of
posture has been largely omitted. While previous reviews
have outlined potential pathogenetic biomechanical con-
figurations of the spine and spinal cord [18-20], neuro-
physiologic adaptation to normal and abnormal posture
has not been extensively detailed. Given both the histori-
cal and clinical importance of the nervous system to over-
all health and well being [2,10], its involvement in
something as important as postural control should be
emphasized in future chiropractic literature.
Traditional chiropractic principles maintain that the nerv-
ous system is responsible for coordinating all other body
systems [190]. Typically speaking, this perspective is
applied to the other specific body systems, such as the car-
diovascular, digestive, endocrine, and respiratory systems.
However, in this paper, we detail the mechanisms and
adaptive processes by which the nervous system also con-
trols and coordinates our upright posture. In addition to
regulating our internal environment, our nervous system,
through its various postural reflexes, observes, analyzes,
predicts, and adapts to changes in our external environ-
ment. Primarily, this external environment is gravity.
Chiropractors aim to evaluate and treat articular dysfunc-
tion of the spine to restore function, reduce pain, and
encourage normal nervous system "integrity." [191] This
has typically been performed by trying to determine spi-
nal segmental alterations in alignment in relation to the
vertebral segments above and below. However, from the
data presented here, we suggest that the spine, as a singu-
larly functioning entity, is subservient to the reflex adap-
tations made by the nervous system in relation to gravity.
So, it may be worth trying to identify potentially putative
postural reflex function(s). A theoretical example may be
a thoracolumbar pain caused by a swayback posture. It is
postulated that the swayback posture may be the result of
a forward head posture relative to the trunk, thus causing
a forward shift of the pelvic complex. This forward pelvic
shift is mediated by the pelvo-ocular reflex [156], as out-
lined in our previous review. However, the underlying
cause of this theoretical thoracolumbar pain and dysfunc-
tion may be the forward head posture forcing a compen-
satory swayback posture.
There are a couple of specific points made in this paper
that we wish to highlight and relate to clinical practice,
since these concepts are not currently explored or dis-
cussed in the chiropractic literature. First, as discussed ear-
lier in this paper, we reviewed previous work by Bove et al
[100] testing the cervical spine contribution to locomo-
tion and static posture through unilateral sternocleido-
mastoid vibration. Again, their findings suggest that the
cervical spine plays a larger role in locomotion and a
smaller role in static upright posture. This information
has important clinical implications that manual practi-
tioners should consider. Locating specific postural reflex
deficits may be achieved by subjecting patients to various
postural and locomotive balance tasks to identify which
function is being compromised. Although unproven, iso-
lation and treatment of the specific deficient postural
reflex may well mean the difference between treatment
success and failure.
Two separate studies by Karnath et al [103] and Vuillerme
et al [112] compared the afferentation of a fully active
muscle and a fatigued muscle. The collective results of
these studies may have very important clinical relevance.
If fatigued muscles are not able to transmit somatosensory
information to the central nervous system, then upright
postural control may be compromised if maintaining a
given static posture requires a large amount of constant
isometric muscular contraction. Certain subpopulations
may therefore be advised to undergo posture correction,
such as those elderly who are at risk for balance failures
and/or hip fractures. These balance failures may be at least
partially attributed to lack of somatosensory input from
fatigued postural muscles. This hypothesis is certainly
worthy of research.
While neurological disturbances have been well docu-
mented in other contexts, such as whiplash-associated dis-
orders [76,89,90,92,192], neurological disturbances
resulting from chronic abnormal posture have not been
elucidated. This may be due to a more narrow focus upon
only the mechanical components of the spine and posture
[16,17,22-27]. We hope that this review will help to shed
some light upon the postural adaptations and responses
that may not only cause neurophysiological dysfunction,
but also those that may occur because of it.
Conclusion
Upright human posture is maintained reflexively by a vast
network of peripheral and central nervous pathways
designed to provide instantaneous input regarding both
internal and external environmental factors. In this
review, we outlined those postural reflexes related to path-
ways and structures involving the cervical spine, the eyes,
and the inner ear. How these structures and pathways
obtain somatosensory input, interact with each other, and
modulate postural changes and corrections has been
described here. While there are many other postural con-
trol mechanisms we did not discuss in this review, we
chose to outline those reflexes that may be of primary
importance to practitioners within the manual healing
arts. This review may shed some light upon the idea that
vertebral misalignments or fixations are not random
injury- or activity-induced events. Rather, they may be a
consequence of an adaptive postural process to theChiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
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external environment mediated by the nervous system
through its extensive network of postural reflexes.
Research into this concept is necessary before clinical util-
ity is determined.
References
1. Gray H: Gray's Anatomy: The Classic Collector's Edition Gramercy Books
New York; 1977. 
2. Palmer DD: The Chiropractor's Adjuster. The Science, Art, and Philosophy
of Chiropractic Portland, OR: Portland Printing House Company; 1910. 
3. Berthoud HR: Multiple neural systems controlling food intake
and body weight.  Neurosci Biobehav Rev 2002, 26:393-428.
4. Bellinger LL, Bernardis LL: The dorsomedial hypothalamic
nucleus and its role in ingestive behavior and body weight
regulation: lessons learned from lesioning studies.  Physiol
Behav 2002, 76:431-42.
5. Downing JE, Miyan JA: Neural immunoregulation: emerging
roles for nerves in immune homeostasis and disease.  Immunol
Today 2000, 21:281-289.
6. Kumar VM: Neural regulation of glucose homeostasis.  Indian J
Physiol Pharmacol 1999, 43:415-24.
7. Shamsuzzaman AS, Somers VK: Cardiorespiratory interactions
in neural circulatory control in humans.  Ann NY Acad Sci 2001,
940:488-499.
8. Streilein JW, Okamoto S, Sano Y, Taylor AW: Neural control of
ocular immune privilege.  Ann NY Acad Sci 2000, 917:297-306.
9. Tracey KJ, Czura CJ, Ivanova S: Mind over immunity.  FASEB J 2001,
15:1575-1576.
10. Strang VV: Essential Principles of Chiropractic Palmer College of Chiro-
practic Davenport IA; 1984. 
11. Keating JC: Scientific basis for the chiropractic subluxation
complex.  J Manipulative Physiol Ther 1986, 9:52-56.
12. Leboeuf-Yde C: How real is the subluxation? A research
perspective.  J Manipulative Physiol Ther 1998, 21:492-494.
13. Seaman DR, Winterstein JF: Dysafferentation: a novel term to
describe the neuropathophysiological effects of joint com-
plex dysfunction. A look at likely mechanisms of symptom
generation.  J Manipulative Physiol Ther 1998, 21:267-280.
14. Silberstein SD, Lipton RB, Goadsby PJ: Headache in clinical practice 2nd
edition. Martin Dunitz Ltd; 2002:1, 115-123. 
15. Jones GM: Posture.  In Principles of Neural Science 4th edition. Edited
by: Kandel ER, Schwartz JH, Jessell TM. McGraw-Hill Companies;
2000. 
16. Dulhunty J: A simplified conceptual model of the human cer-
vical spine for evaluating force transmission in upright static
posture.  J Manipulative Physiol Ther 2002, 25:306-317.
17. Harrison DD, Janik TJ, Troyanovich SJ, Harrison DE, Colloca CJ:
Evaluation of the assumptions used to derive an ideal normal
cervical spine model.  J Manipulative Physiol Ther 1997, 20:246-254.
18. Harrison DE, Cailliet R, Harrison DD, Troyanovich SJ, Harrison SO:
A review of biomechanics of the central nervous system-part
I: spinal canal deformations resulting from changes in
posture.  J Manipulative Physiol Ther 1999, 22:227-234.
19. Harrison DE, Cailliet R, Harrison DD, Troyanovich SJ, Harrison SO:
A review of biomechanics of the central nervous system-part
II: spinal cord strains from postural loads.  J Manipulative Physiol
Ther 1999, 22:322-332.
20. Harrison DE, Cailliet R, Harrison DD, Troyanovich SJ, Harrison SO:
A Review of biomechanics of the central nervous system-
part III: Spinal cord stresses from postural loads and their
neurologic effects.  J Manipulative Physiol Ther 1999, 22:399-410.
21. Harrison DE, Harrison DD, Colloca CJ, Betz J, Janik TJ, Holland B:
Repeatability over time of posture, radiograph positioning,
and radiograph line drawing: an analysis of six control
groups.  J Manipulative Physiol Ther 2003, 26:87-98.
22. Harrison DE, Harrison DD, Janik TJ, Jones EW, Cailliet R, Normand
M: Comparison of axial and flexural stresses in lordosis and
three buckled configurations of the cervical spine.  Clin
Biomech 2001, 16:276-284.
23. Harrison DE, Harrison DD, Troyanovich SJ, Harmon S: A normal
spinal position: it's time to accept the evidence.  J Manipulative
Physiol Ther 2000, 23:623-644.
24. Harrison DE, Janik TJ, Harrison DD, Cailliet R, Harmon SF: Can the
thoracic kyphosis be modeled with a simple geometric
shape? The results of circular and elliptical modeling in 80
asymptomatic patients.  J Spinal Disord 2002, 15:213-220.
25. Harrison DE, Jones EW, Janik TJ, Harrison DD: Evaluation of the
axial and flexural stresses in the vertebral body cortex and
trabecular bone in lordosis and two sagittal cervical transla-
tion configurations with an elliptical shell model.  J Manipulative
Physiol Ther 2002, 25:391-401.
26. Janik TJ, Harrison DD, Cailliet R, Troyanovich SJ, Harrison DE: Can
the sagittal lumbar curvature be closely approximated by an
ellipse?  J Orthop Res 1998, 16:766-770.
27. Weigand R, Kettner NW, Brahee D, Marquina N: Cervical spine
geometry correlated to cervical degenerative disease in a
symptomatic group.  J Manipulative Physiol Ther 2003, 26:341-346.
28. Baloh RW, Honrubia V: Clinical Neurophysiology of the Vestibular System
2nd edition. Philadelphia: FA Davis; 1989. 
29. Wahler-Luck M, Schutz T, Kretschmann HJ: A new anatomical
representation of the human visual pathways.  Graefe's Arch Clin
Exp Ophthalmol 1991, 229:201-205.
30. Buchanan JJ, Horak FB: Emergence of postural patterns as a
function of vision and translation frequency.  J Neurophysiol
1999, 81:2325-2339.
31. Catanzariti JF, Salomez E, Bruandet JM, Thevenon A: Visual defi-
ciency and scoliosis.  Spine 2001, 26:48-52.
32. Desmurget M, Vindras P, Grea H, Viviani P, Grafton ST: Propriocep-
tion does not quickly drift during visual occlusion.  Exp Brain
Res 2000, 134:363-377.
33. Guerraz M, Thilo KV, Bronstein AM, Gresty MA: Influence of
action and expectation on visual control of posture.  Cognitive
Brain Res 2001, 11:259-266.
34. Guerraz M, Yardley L, Bertholon P, Pollak L, Rudge P, Gresty MA,
Bronstein AM: Visual vertigo: symptom assessment, spatial
orientation and postural control.  Brain 2001, 124:1646-1656.
35. Havertape SA, Cruz OA: Abnormal head posture associated
with high hyperopia.  J AAPOS 1998, 2:12-16.
36. Nucci P, Rosenbaum A: Acquired anomalous head posture fol-
lowing loss of vision in one eye.  Acta Ophthalmol Scand 2002,
80:109-112.
37. Pyykko I, Vesikivi M, Ishizaki H, Magnusson M, Juhola M: Postural
control in blinds and in usher's syndrome.  Acta Otolaryngol
1991:603-606.
38. Stevens DJ, Hertle RW: Relationship between visual acuity and
anomalous head posture in patients with congenital
nystagmus.  J Pediatr Ophthalmol Strabismus 2003, 40:259-264.
39. Hills-Willford C, Kisner C, Glenn TM, Sachs L: The interaction of
wearing multifocal lenses with head posture and pain.  JOSPT
1996, 23:194-199.
40. Soechting JF, Berthoz A: Dynamic role of vision in the control of
posture in man.  Exp Brain Res 1979, 36:551-561.
41. DiZio P, Li W, Lackner JR, Matin L: Combined influences of grav-
itoinertial force level and visual field pitch on visually per-
ceived eye level.  J Vestib Res 1997, 7:381-392.
42. Bertenthal BI, Rose JL, Bai DL: Perception-action coupling in the
development of visual control of posture.  J Exp Psychol: Hum
Percept Perform 1997, 23:1631-1643.
43. Buttner-Ennever JA, Horn AKE: The neuroanatomical basis of
oculomotor disorders: the dual motor control of extraocular
muscles and its possible role in proprioception.  Curr Opin
Neurol 2002, 15:35-43.
44. Buttner-Ennever JA, Cohen B, Horn AKE, et al.: Efferent pathways
of the nucleus of the optic tract in monkey and their role in
eye movements.  J Comp Neurol 1996, 373:90-107.
45. Buttner-Ennever JA, Horn AKE, Graf W, Ugolinf AG: Modern con-
cepts of brainstem anatomy.  Ann NY Acad Sci 2002, 956:75-84.
46. Distler C, Hoffman KP: Cortical input to the nucleus of the
optic tract and dorsal terminal nucleus (NOT-DTN) in
macaques: a retrograde tracing study.  Cerebral Cortex 2001,
11:572-589.
47. Klier EM, Wang H, Crawford JD: Three-dimensional eye-head
coordination is implemented downstream from the superior
colliculus.  J Neurophysiol 2003, 89:2839-2853.
48. Stuphorn V, Bauswein E, Hoffman KP: Neurons in the primate
superior colliculus coding for arm movements in gaze-
related coordinates.  J Neurophysiol 2000, 83:1283-1299.
49. Chen B, May PJ: The feedback circuit connecting the superior
colliculus and central mesencephalic formation: a direct
morphological demonstration.  Exp Brain Res 2000, 131:10-21.Chiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
Page 15 of 17
(page number not for citation purposes)
50. Goldberg ME, Hudspeth AJ: The Vestibular System.  In Principles
of Neural Science 4th edition. Edited by: Kandel ER, Schwartz JH, Jessell
TM. McGraw-Hill Companies; 2000. 
51. Buttner-Ennever JA: A review of otolith pathways to brainstem
and cerebellum.  Ann NY Acad Sci 1999, 871:51-64.
52. Creath R, Kiemel T, Horak F, Jeka JJ: Limited control strategies
with the loss of vestibular function.  Exp Brain Res 2002,
145:323-333.
53. Horak FB, Buchanan J, Creath R, Jeka J: Vestibulospinal control of
posture.  In Sensorimotor control of movement and posture Kluwer Aca-
demic/Plenum Publishers; 2002. 
54. Hunter MC, Hoffman MA: Postural control: visual and cognitive
manipulations.  Gait Posture 2001, 13:41-48.
55. Schweigart G, Chien RD, Mergner T: Neck proprioception com-
pensates for age-related deterioration of vestibular self-
motion perception.  Exp Brain Res 2002, 147:89-97.
56. Angelaki DE, Hess BJ, Suzuki J: Differential processing of semicir-
cular canal signals in the vestibule-ocular reflex.  J Neurosci
1995, 15:7201-7216.
57. Brandt T: Modelling brain function: the vestibulo-ocular
reflex.  Curr Opin Neurol 2001, 14:1-4.
58. Highstein SM: Role of the flocculus of the cerebellum in motor
learning of the vestibule-ocular reflex.  Otolaryngol Head Neck
Surg 1998, 119:212-220.
59. Koizuka I: Adaptive plasticity in the otolith-ocular reflex.  Auris
Nasus Larynx 2003, 30(Suppl):S3-6.
60. Pettorossi VE, Errico P, Ferraresi A, Manni E: Influence of the
extraocular muscle proprioceptors on the orientation of the
vestibule-ocular reflex.  Acta Otolaryngol 1996, 116:198-200.
61. Raphan T, Cohen B: The vestibulo-ocular reflex in three
dimensions.  Exp Brain Res 2002, 145:1-27.
62. Ratham R, Anastasio TJ: Evidence for a cooperative learning
mechanism in the vestibule-ocular reflex.  Neuroreport 1995,
6:2129-2133.
63. Rub U, Brunt ER, de Vos RA, Del Turco D, Del Tredici K, Gierga K,
Schultz C, Ghebremedhin E, Burk K, Auburger G, Braak H: Degen-
eration of the central vestibular system in spinocerebellar
ataxia type 3 (SCA3) patients and its possible clinical
significance.  Neuropathol Appl Neurobiol 2004, 30:402-414.
64. Bosco G, Poppele RE: Modulation of dorsal spinocerebellar
responses to limb movement: II. Effect of sensory input.  J
Neurophysiol 2003, 90:3372-3383.
65. Bosco G, Poppele RE: Reference frames for spinal propriocep-
tion: kinematics based or kinetics based?  J Neurophysiol 2000,
83:2946-2955.
66. Ghez C, Thach WT: The Cerebellum.  In Principles of Neural Science
4th edition. Edited by: Kandel ER, Schwartz JH, Jessell TM. McGraw-
Hill Companies; 2000. 
67. Poppele RE, Bosco G, Rankin AM: Independent representations
of limb axis length and orientation in spinocerebellar
response components.  J Neurophysiol 2002, 87:409-422.
68. Poppele RE, Rankin A, Eian J: Dorsal spinocerebellar tract neu-
rons respond to contralateral limb stepping.  Exp Brain Res
2003, 149:361-370.
69. Schoenen J, Grant G: Spinal Cord: Connections.  In The Human
Nervous System 2nd edition. San Diego, CA Elsevier Academic Press;
2004. 
70. Kulkarni V, Chandy MJ, Babu KS: Quantitative study of muscle
spindles in suboccipital muscles of human foetuses.  Neurol
India 2001, 49:355-259.
71. Sjolander P, Johansson H, Djupsjobacka M: Spinal and supraspinal
effects of activity in ligament afferents.  J Electro Kinesio 2002,
12:167-176.
72. Grod JP, Diakow PR: Effect of neck pain on verticality percep-
tion: A cohort study.  Arch Phys Med Rehabil 2002, 83:412-415.
73. Ohtori S, Takahashi K, Chiba T, Yamagata M, Sameda H, Moriya H:
Sensory innervation of the cervical facet joint in rats.  Spine
2001, 26:147-150.
74. Sterling M, Jull G, Vicenzino B, Kenardy J: Sensory hypersensitivity
occurs soon after whiplash injury and its associated with
poor recovery.  Pain 2003, 104:509-517.
75. Strasmann TJ, Feilscher TH, Baumann KI, Halata Z: Distribution of
sensory receptors in joints of the upper cervical column in
the laboratory marsupial monodelphis domestica.  Anat Anz
1999, 181:199-206.
76. Treleaven J, Jull G, Sterling M: Dizziness and unsteadiness follow-
ing whiplash injury: characteristic features and relationship
with cervical joint position error.  J Rehabil Med 2003, 35:36-43.
77. Winkelstein BA, McLendon RE, Barbir A, Myers BS: An anatomical
investigation of the human cervical facet capsule, quantifying
muscle insertion area.  J Anat 2001, 198:455-461.
78. Winkelstein BA, Nightingale RW, Richardson WJ, Myers BS: The
cervical facet capsule and its role in whiplash injury: a biome-
chanical investigation.  Spine 2000, 25:1238-1246.
79. Lin CCK, Crago PE: Structural model of the muscle spindle.
Ann Biomed Eng 2002, 30:68-83.
80. Schieppati M, Nardone A, Schmid M: Neck muscle fatigue affects
postural control in man.  Neuroscience 2003, 121:277-285.
81. Bartsch T, Goadsby PJ: Increased responses in trigeminocervi-
cal nociceptive neurons to cervical input after stimulation of
the dura mater.  Brain 2003, 126:1801-1813.
82. Metherate RS, da Costa DC, Herron P, Dykes RW: A thalamic ter-
minus of the lateral cervical nucleus: the lateral division of
the posterior nuclear group.  J Neurophysiol 1986, 56:1498-1520.
83. Pompeiano O, Allum JHJ: Vestibulospinal control of posture and locomo-
tion; progress in brain research Volume 76. Elsevier Science Publishers;
1988. 
84. Schwabe A, Drepper J, Maschke M, Diener H-C, Timmann D: The
role of the human cerebellum in short- and long-term habit-
uation of postural responses.  Gait Posture 2004, 19:16-23.
85. McLain RF: Mechanoreceptor endings in human cervical facet
joints.  Spine 1994, 19:495-501.
86. Yoganandan N, Knowles SA, Maiman DJ, Pinter FA: Anatomic study
of the morphology of human cervical facet joint.  Spine 2003,
28:2317-2323.
87. Wyke B: Neurology of the cervical spinal joint.  Physiotherapy
1979, 65:72-76.
88. Ouchi Y, Okada H, Yoshikawa E, Nobezawa S, Futatsubashi M: Brain
activation during maintenance of standing postures in
humans.  Brain 1999, 122:329-338.
89. Igarashi M, Alford BR, Watanabe T, Maxian CM: Role of neck pro-
prioceptors for the maintenance of dynamic bodily equilib-
rium in the squirrel monkey.  Laryngoscope 1969, 69:1713-1727.
90. Raymond G: Disturbances of Nervous Function Volume 1. New York:
John Willey and Son; 1969. 
91. Wyke BD: Neuromuscular mechanisms influencing mandibu-
lar posture: a neurologist's review of current concepts.  J
Dentistry 1973, 2:11-20.
92. Rubin AM, Woolley SM, Dailey VM, Goebel JA: Postural stability
following mild head or whiplash injuries.  Am J Otol 1995,
16:216-221.
93. Brolin K, Halldin P: Development of a finite element model of
the upper cervical spine and a parameter study of ligament
characteristics.  Spine 2004, 29:376-385.
94. Jiang H, Russell GG, Raso VJ, Moreau MJ, Hill DL, Bagnall KM: The
nature and distribution of the innervation of human suprasp-
inal and interspinal ligaments.  Spine 1995, 20:869-876.
95. Johnson GM: The sensory and sympathetic nerve supply
within the cervical spine: review of recent observations.  Man
Ther 2004, 9:71-76.
96. Yamada H, Honda T, Yaginuma H, Kikuchi S, Sugiura Y: Comparison
of sensory and sympathetic innervation of the dura mater
and posterior longitudinal ligament in the cervical spine
after removal of the stellate ganglion.  J Comp Neurol 2001,
434:86-100.
97. Jiang H, Moreau MJ, Raso J, Russell G, Bagnall K: Identification of
the location, extent, and pathway of sensory neurologic feed-
back after mechanical stimulation of a lateral spinal ligament
in chickens.  Spine 1997, 22:17-25.
98. Jiang H, Moreau MJ, Raso VJ, Russell GG, Bagnall KM: A comparison
of spinal ligaments. Differences between bipeds and
quadrupeds.  J Anat 1995, 187:85-91.
99. Betts GA, Barone M, Karlberg M, MacDougall H, Curthoys IS: Neck
muscle vibration alters visually-perceived roll after unilat-
eral vestibular loss.  Neuroreport 2000, 11:2659-2662.
100. Bove M, Courtine G, Schieppati M: Neck muscle vibration and
spatial orientation during stepping in place in humans.  J
Neurophysiol 2002, 88:2232-2241.
101. Han Y, Lennerstrand G: Changes of visual localization induced
by eye and neck muscle vibration in normal and strabismic
subjects.  Graefes Arch Exp Ophthalmol 1999, 237:815-823.Chiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
Page 16 of 17
(page number not for citation purposes)
102. Ivanenko YP, Grasso R, Lacquaniti F: Neck muscle vibration
makes walking humans accelerate in the direction of gaze.  J
Physiol 2000, 525:803-814.
103. Karnath HO, Konczak J, Dichgans J: Effect of prolonged neck
muscle vibration on lateral head tilt in severe spasmodic
torticollis.  J Neurol Neurosurg Psychiatry 2000, 69:658-660.
104. Karnath HO, Reich E, Rorden C, Fetter M, Driver J: The perception
of body orientation after neck-proprioception stimulation.
Effects of time and of visual cueing.  Exp Brain Res 2002,
143:350-358.
105. Kavounoudias A, Gilhodes JC, Roll R, Roll JP: From balance regu-
lation to body orientation: two goals for muscle propriocep-
tive information processing?  Exp Brain Res 1999, 124:80-88.
106. Ledin T, Hafstrom A, Fransson PA, Magnusson M: Influence of neck
proprioception on vibration-induced postural sway.  Acta
Otolaryngol 2003, 123:594-599.
107. Lewald J, Karnath HO, Ehrenstein WH: Neck-proprioceptive
influence on auditory lateralization.  Exp Brain Res 1999,
125:389-396.
108. McKenna GJ, Peng GC, Zee DS: Neck muscle vibration alters vis-
ually perceived roll in normals.  J Assoc Res Otolaryngol 2004,
5:25-31.
109. Popov KE, Lekhel H, Faldon M, Bronstein AM, Gresty MA: Visual
and oculomotor responses induced by neck vibration in nor-
mal subjects and labyrinthine-defective patients.  Exp Brain Res
1999, 128:343-352.
110. Ribot-Ciscar E, Trefouret S, Aimonetti JM, Attarian S, Pouget J, Roll
JP: Is muscle spindle proprioceptive function spared in mus-
cular dystrophies? A muscle tendon vibration study.  Muscle
Nerve 2004, 29:861-866.
111. Strupp M, Arbusow V, Borges Pereira C, Dieterich M, Brandt T: Sub-
jective straight-ahead during neck muscle vibration: effects
of ageing.  Neuroreport 1999, 10:3191-3194.
112. Vuillerme N, Danion F, Forestier N, Nougier V: Postural sway
under muscle vibration and muscle fatigue in humans.  Neu-
rosci Lett 2002, 333:131-135.
113. Bogduk N: Cervicogenic headache: anatomic basis and patho-
physiologic mechanisms.  Curr Pain Headache Rep 2001,
5:382-386.
114. Bogduk N: The anatomical basis for cervicogenic headache.  J
Manipulative Physiol Ther 1992, 15:67-70.
115. Bogduk N: The neck and headaches.  Neurol Clin 2004,
22:151-171.
116. Bogduk N: The anatomical basis for spinal pain syndromes.  J
Manipulative Physiol Ther 1995, 18:603-605.
117. Bogduk N: The anatomy and pathophysiology of neck pain.
Phys Med Rehabil Clin N Am 2003, 14:455-472.
118. McPartland JM, Brodeur RR, Hallgren RC: Chronic neck pain,
standing balance, and suboccipital muscle atrophy – a pilot
study.  J Manipulative Physiol Ther 1997, 20:24-29.
119. Michaelson P, Michaelson M, Jaric S, Latash ML, Sjolander P, Djupsjo-
backa M: Vertical posture and head stability in patients with
chronic neck pain.  J Rehabil Med 2003, 35:229-235.
120. Sjostrom H, Allum JH, Carpenter MG, Adkin AL, Honegger F, Ettlin
T: Trunk sway measures of postural stability during clinical
balance tests in patients with chronic whiplash injury
symptoms.  Spine 2003, 28:1725-1734.
121. Jurgens R, Mergner T: Interaction between cervico-ocular and
vestibulo-ocular reflexes in normal adults.  Exp Brain Res 1989,
77:381-390.
122. Skliut IA, Likhachev SA, Skliut MI: Cervico-ocular reflex in healthy
humans.  Aviakosm Ekolog Med 1999, 33:46-48.
123. Thoden U, Doerr M, Leopold HC: Motion perception of head or
trunk modulates cervico-ocular reflex (COR).  Acta Otolaryngol
1983, 96:9-14.
124. Dutia MB: Interaction between vestibulocollic and cervicocol-
lic reflexes: automatic compensation of reflex gain by muscle
afferents.  Prog Brain Res 1988, 76:173-180.
125. Keshner EA, Hain TC, Chen KJ: Predicting control mechanisms
for human head stabilization by altering the passive
mechanics.  J Vestib Res 1999, 9:423-434.
126. Peterson BW, Choi H, Hain T, Keshner E, Peng GC: Dynamic and
kinematic strategies for head movement control.  Ann NY
Acad Sci 2001, 942:381-393.
127. Peterson BW, Goldberg J, Bilotto G, Fuller JH: Cervicocollic reflex:
its dynamic properties and interaction with vestibular
reflexes.  J Neurophysiol 1985, 54:90-109.
128. Allum JH, Gresty M, Keshner E, Shupert C: The control of head
movements during human balance corrections.  J Vestib Res
1997, 7:189-218.
129. Boyle R: Vestibulospinal control of reflex and voluntary head
movement.  Ann NY Acad Sci 2001, 942:364-380.
130. Colebatch JG, Di Lazzaro V, Quartarone A, Rothwell JC, Gresty M:
Click-evoked vestibulocollic reflexes in torticollis.  Mov Disord
1995, 10:455-459.
131. Colebatch JG, Rothwell JC: Motor unit excitability changes
mediating vestibulocollic reflexes in the sternocleidomas-
toid muscle.  Clin Neurophysiol 2004, 115:2567-2573.
132. Gdowski GT, McCrea RA: Integration of vestibular and head
movement signals in the vestibular nuclei during whole-body
rotation.  J Neurophysiol 1999, 82:436-449.
133. Ito Y, Corna S, von Brevern M, Bronstein A, Rothwell J, Gresty M:
Neck muscle responses to abrupt free fall of the head: com-
parison of normal with labyrinthine-defective human
subjects.  J Physiol 1995, 489:911-916.
134. Pettorossi VE, Santarelli R, Draicchio F, Errico P, Ferreresi A: Grav-
ity load related asymmetries in the sagittal vestibulo-collic
reflex.  Acta Otolaryngol 1993, 113:239-243.
135. Uchino Y: Role of cross-striolar and commissural inhibition in
the vestibulocollic reflex.  Prog Brain Res 2004, 143:403-409.
136. Watson SR, Colebatch JG: Vestibulocollic reflexes evoked by
short-duration galvanic stimulation in man.  J Physiol 1998,
513:587-597.
137. Welgampola MS, Colebatch JG: Vestibulocollic reflex: normal
values and the effect of age.  Clin Neurophysiol 2001,
112:1971-1979.
138. Welgampola MS, Colebatch JG: Vestibulospinal reflexes: quanti-
tative effects of sensory feedback and postural task.  Exp Brain
Res 2001, 139:345-353.
139. Wilson VJ, Boyle R, Fukushima K, Rose PK, Shinoda Y, Sugiuchi Y,
Uchino Y: The vestibulocollic reflex.  J Vestib Res 1995, 5:147-170.
140. Wilson VJ, Schor RH: The neural substrate of the vestibulocol-
lic reflex. What needs to be learned.  Exp Brain Res 1999,
129:483-493.
141. Wilson VJ: Vestibulospinal reflexes and the reticular
formation.  Prog Brain Res 1993, 97:211-217.
142. Wilson VJ, Yamagata Y, Yates BJ, Schor RH, Nonaka S: Response of
vestibular neurons to head rotations in vertical planes. III.
Response of vestibulocollic neurons to vestibular and neck
stimulation.  J Neurophysiol 1990, 64:1695-1703.
143. Chambers BR, Mai M, Barber HO: Bilateral vestibular loss, oscil-
lopsia, and the cervico-ocular reflex.  Otolaryngol Head Neck Surg
1985, 93:403-407.
144. Bronstein AM, Hood JD: The cervico-ocular reflex in normal
subjects and patients with absent vestibular function.  Brain
Res 1986, 373:399-408.
145. Heimbrand S, Bronstein AM, Gresty MA, Faldon ME: Optically
induced plasticity of the cervico-ocular reflex in patients
with bilateral absence of vestibular function.  Exp Brain Res
1996, 112:372-380.
146. Bronstein AM, Mossman S, Luxon LM: The neck-eye reflex in
patients with reduced vestibular and optokinetic function.
Brain 1991, 114:1-11.
147. Schubert MC, Das V, Tusa RJ, Herdman SJ: Cervico-ocular reflex
in normal subjects and patients with unilateral vestibular
hypofunction.  Otol Neurotol 2004, 25:65-71.
148. Rijkaart DC, van der Geest JN, Kelders WP, de Zeeuw CI, Frens MA:
Short-term adaptation of the cervico-ocular reflex.  Exp Brain
Res 2004, 156:124-128.
149. Gresty MA, Bronstein AM: Control of human head posture.  In
Multisensory Control of Posture Edited by: Mergner T, Hlavacka F. New
York: Plenum Press; 1995. 
150. Bullinger A: Cognitive elaboration of sensorimotor behavior.
In Infancy and epistemology: An evaluation of Piaget's theory London: Har-
vester Press; 1981. 
151. Butterworth G, Hicks L: Visual proprioception and postural sta-
bility in infancy: A developmental study.  Perception 1977,
6:255-262.Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
Chiropractic & Osteopathy 2005, 13:16 http://www.chiroandosteo.com/content/13/1/16
Page 17 of 17
(page number not for citation purposes)
152. Prechtl HFR: Prenatal motor development.  In Motor development
in children: Aspects of coordination and control Boston:Martinus Nijhoff;
1986. 
153. Pope MJ: Visual proprioception in infant postural
development.  In PhD dissertation University of Southampton; 1986. 
154. Woollacott M, Debu B, Mowatt M: Neuromuscular control of
posture in the infant and child.  J Motor Behav 1987, 19:167-186.
155. Lee DN, Aronson E: Visual proprioceptive control of standing
in human infants.  Percept Psychophys 1974, 15:529-532.
156. Lewit K: Muscular and articular factors in movement
restriction.  Manual Medicine 1985, 1:83-85.
157. Koga K: Gravity cue has implicit effects on human behavior.
Avait Space Environ Med 2000, 71:A78-A86.
158. Kapandji IA: The Physiology of the Joints: The Trunk and the Vertebral
Column Volume 3. New York: Churchill Livingstone; 1974. 
159. Bagnall KM, Harris PF, Jones P: A radiographic study of the
human fetal spine. I: The development of the secondary cer-
vical curvature.  J Anat 1977, 123:777-782.
160. Panattoni GL, Todros T: Fetal motor activity and spine
development.  Panminerva Med 1989, 31:183-186.
161. Vannerson JF: Specificity and the law of facilitation in the nerv-
ous system.  Receptor 1971, 2:1.
162. Nimo RL: Technique for immediate relief of headache and
neck pain, including whiplash.  Receptor 1986, 2:1-15.
163. Harbst KB, Wilder PA: Neurophysiologic, motor control, and
motor learning basis of closed kinetic chain exercise.  Orthop
Phys Ther Clin N Am 2000, 9:137-149.
164. Baroni G, Ferrigno G, Rabuffetti M, Pedotti A, Massion J: Long-term
adaptation of postural control in microgravity.  Exp Brain Res
1999, 128:410-416.
165. Clement G, Gurfinkel VS, Lestienne F, Lipshits MI, Popov KE: Adap-
tation of postural control to weightlessness.  Exp Brain Res
1984, 57:61-72.
166. Young LR, Jackson DK, Groleau N, Modestino S: Multisensory inte-
gration in microgravity.  Ann N Y Acad Sci 1992, 656:340-353.
167. Clement G, Lestienne F: Adaptive modifications of postural atti-
tude in conditions of weightlessness.  Exp Brain Res 1988,
72:381-389.
168. Clarke AH, Grigull J, Scherer H: The three-dimensional vestib-
ulo-ocular reflex during prolonged microgravity.  Exp Brain Res
2000, 134:322-334.
169. Jennings RT: Managing space motion sickness.  J Vestib Res 1998,
8:67-70.
170. Massion J: Postural control system.  Curr Opin Neurobiol 1994,
4:877-887.
171. Gurfinkel VS: The mechanisms of postural regulation in man.
Sov Sci Rev F Phys Gen Biol 1994, 7:59-89.
172. Gurfinkel VS, Levik YuS, Popov KE, Smetanin BN: Body scheme in
the control of postural activity.  In Stance and motion: facts and
concepts Edited by: Gurfinkel VS, Ioffe ME, Massion J, Roll JP. Plenum
Press, New York; 1988. 
173. Amblard B, Assaiante C, Fabre JC, Mouchino L, Massion J: Voluntary
head stabilization in space during oscillatory trunk move-
ments in the frontal plane performed in weightlessness.  Exp
Brain Res 1997, 114:214-225.
174. Fisk J, Lackner JR, DiZio P: Gravitoinertial force level influences
arm movement control.  J Neurophysiol 1993, 69:504-511.
175. Glasauer S, Mittelstaedt H: Perception of spatial orientation in
microgravity.  Brain Res Brain Res Rev 1998, 28:185-193.
176. Takahashi M, Sekine M, Ikeda T, Watanuki K, Hakuta S, Takeoka H:
Effect of microgravity on spatial orientation and posture reg-
ulation during coriolis stimulation.  Acta Otolaryngol 2004,
124:495-501.
177. Amblard B, Assaiante C, Vaugoyeau M, Baroni G, Ferrigno G, Pedotti
A: Voluntary head stabilization in space during oscillatory
trunk movements in the frontal plane performed before,
during, and after a prolonged period of weightlessness.  Exp
Brain Res 2001, 137:170-179.
178. Yakushin SB, Palla A, Haslwanter T, Bockisch CJ, Straumann D:
Dependence of adaptation of the human vertical angular
vestibulo-ocular reflex on gravity.  Exp Brain Res 2003,
152:137-142.
179. Massion J: Movement, posture, and equilibrium: interaction
and coordination.  Progr Neurobiol 1992, 38:35-56.
180. Lestienne F, Gurfinkel VS: Postural control in weightlessness: a
dual process underlying adaptation to an unusual
environment.  Trends Neurosci 1988, 11:359-363.
181. Inglis JT, Kennedy PM, Wells C, Chua R: The role of cutaneous
receptors in the foot.  In Sensorimotor Control of Movement and Pos-
ture Edited by: Gandevia SC, Proske U, Stuart DG. Kluwer Academic/
Plenum Publishers; 2002. 
182. Jacobs R, Burleigh-Jacobs A: Neuromuscular control strategies
in postural coordination.  In Biomechanics and Neural Control of Pos-
ture and Movement Edited by: Winters JM, Crago PE. New York:
Springer-Verlag; 2000. 
183. Clement G, Moore ST, Raphan T, Cohen B: Perception of tilt
(somatogravic illusion) in response to sustained linear accel-
eration during space flight.  Exp Brain Res 2001, 138:410-8.
184. Jarchow T, Wirz M, Haslwanter T, Dietz V, Straumann D: Perceived
horizontal body position in healthy and paraplegic subjects:
effect of centrifugation.  J Neurophysiol 2003, 90:2973-7.
185. Vaitl D, Mittelstaedt H, Saborowski R, Stark R, Baisch F: Shifts in
blood volume alter the perception of posture: further evi-
dence for somatic graviception.  Int J Psychophysiol 2002, 44:1-11.
186. McIntyre D, Ring C, Carroll D: Effects of arousal and natural
baroreceptor activation on the human muscle stretch reflex.
Psychophysiology 2004, 41(6):954-60.
187. Moffitt JA, Schadt JC, Hasser EM: Altered central nervous system
processing of baroreceptor input following hindlimb unload-
ing in rats.  Am J Physiol 1999, 277:H2272-9.
188. Ball KA, Afheldt MJ: Evolution of foot orthotics – part 1: coher-
ent theory or coherent practice?  J Manipulative Physiol Ther 2002,
25:116-24.
189. Ball KA, Afheldt MJ: Evolution of foot orthotics – part 2:
research reshapes long-standing theory.  J Manipulative Physiol
Ther 2002, 25:125-34.
190. Moore J: Chiropractic in America. The History of a Medical Alternative Bal-
timore: Johns Hopkins University Press; 1993. 
191. Meeker WC, Haldeman S: Chiropractic: a profession at the
crossroads of mainstream and alternative medicine.  Ann
Intern Med 2002, 136:216-227.
192. Foreman SM, Croft AC: Whiplash Injuries: The Cervical Acceleration-
Deceleration Syndrome 2nd edition. Williams & Wilkins, Baltimore,
MD; 1995. 